Introduction {#sec1}
============

Bone homeostasis is modulated by the balance between osteoblasts production and osteoclasts destruction in bone tissues.[@bib1] As a major constitute of bone tissue, the proliferation, differentiation, and mineralization of osteoblast is very crucial for bone regeneration and microenvironment homeostasis.[@bib2] A disorder of osteoblasts would eventually lead to a number of bone diseases such as osteoporosis and osteogenesis imperfecta.[@bib3], [@bib4] Mesenchymal stem cells (MSCs) are considered a promising cell therapy for their well-characterized self-renewal potential and trans-differentiation capabilities.[@bib5] Therefore, improving the osteoblast differentiation of human MSCs (hMSCs) could be helpful to develop therapeutic strategy for bone diseases.

In recent years, long noncoding RNAs (lncRNAs) have been identified as novel regulators of various biological activities and play critical roles in a variety of disease progressions.[@bib6] lncRNA could regulate target gene expression by transcription regulation, transcription interference, chromatin modification, microRNA (miRNA) splicing, as well as miRNA sponge by functioning as a competing endogenous RNA (ceRNA).[@bib7] Until now, there were many studies about the lncRNA-mediated osteogenic differentiation. The expression profiling of lncRNAs was identified in C3H10T1/2 mouse MSCs undergoing early osteogenic differentiation, and several lncRNAs exhibited co-expression with their neighboring mRNA related to osteogenesis, such as mouse lincRNA0231 and its neighboring epidermal growth factor receptor (EGFR), as well as lncRNA NR_027652 and nearby DLK1.[@bib8] Another study indicated that the decreased lncRNA-ANCR (anti-differentiation noncoding RNA) promotes osteogenic differentiation by regulating EZH2/Runx2.[@bib9] Also, lncRNA-MEG3 induced osteogenesis by dissociating BMP4 repressor SOX2 from BMP4 promoter and inducing BMP4 expression.[@bib10] lncRNA AK141205 could induce osteoblast differentiation by positively promoting CXCL13 expression.[@bib11] Furthermore, lncRNA H19 was discovered to induce osteogenic differentiation by decoying miR-141 and miR-22, and activating Wnt/β-catenin signaling.[@bib12] However, the whole spectrum of lncRNA-modulating osteogenesis remains not fully uncovered.

Linc-ROR, one recently identified 2.6-kb lncRNA located in chromosome 18, consists of four exons.[@bib13] Linc-ROR is highly expressed in embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs),[@bib14] and maintains the reprogramming capacity as well as the self-renewal ability.[@bib15] Serving as a ceRNA or natural sponge, linc-ROR regulates the expression of transcriptional factors Oct4, Sox2, and Nanog in human ESCs through targeting miR-145.[@bib14] Recent studies also documented that linc-ROR mediated epithelial-to-mesenchymal (EMT) transition, migration, chemosensitivity, and cancer stem cell formation.[@bib16], [@bib17], [@bib18], [@bib19] In the present study, we defined a novel role of linc-ROR in osteogenic differentiation of human bone-marrow-derived MSCs (BM-MSCs). It was found that linc-ROR promoted osteogenic differentiation *in vitro* through serving as a miRNA sponge for miR-145 and miR-138, leading to ZEB2 de-repression, which eventually activated Wnt/β-catenin signaling.

Results {#sec2}
=======

Linc-ROR Promoted Osteogenic Differentiation of Human BM-MSCs {#sec2.1}
-------------------------------------------------------------

To identify the potential role of linc-ROR in osteogenesis, we examined its expression pattern during osteogenic differentiation. As shown in [Figures 1](#fig1){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}, linc-ROR was found to be upregulated during osteogenic differentiation. For further investigation of the effect of linc-ROR on osteoblast, we used lentiviral vectors to stably restore or silence the expression of linc-ROR in human BM-MSCs, and the established stable cells were verified by qRT-PCR examination ([Figure S2](#mmc1){ref-type="supplementary-material"}). Alkaline phosphatase (ALP) activity, an early marker of osteogenesis, was measured at day 3 with osteo-induction, and it was increased in linc-ROR-overexpressing cells but decreased in linc-ROR-knockdown cells ([Figure 1](#fig1){ref-type="fig"}B). The calcium nodules were evaluated by alizarin red S staining assays at day 14, and the results indicated a significantly enhanced calcium nodules formation in linc-ROR-overexpressing cells, whereas it was reduced in linc-ROR knockdown cells ([Figure 1](#fig1){ref-type="fig"}C). Expression levels of several osteogenic marker genes were measured at day 7, and ALP, OCN, and Osx were upregulated by linc-ROR overexpression, whereas they were downregulated by linc-ROR knockdown in human BM-MSCs ([Figure 1](#fig1){ref-type="fig"}D). All of these data showed that linc-ROR promoted osteogenesis of human MSCs.Figure 1Linc-ROR Promoted Osteogenesis of Human BM-MSCs(A) The osteoblast differentiation of human BM-MSCs was initiated by osteogenic inducer and harvested at indicated time points. At days 0, 3, 6, and 9, the expression level of linc-ROR was monitored by qRT-PCR assays. (B and C) The human BM-MSCs were transfected with sh-Linc-ROR or pLinc-ROR overexpression vectors, and osteogenesis was initiated. At day 3, the alkaline phosphatase activity was visualized by NBT/BCIP precipitation (B). At day 14, the calcified nodules of human BM-MSCs were visualized by alizarin red S staining (C). (D) The mRNA expression level of osteogenesis-related marker genes after linc-ROR overexpression or sh-linc-ROR transfection was examined by qRT-PCR assays. n = 3. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

Linc-ROR Served as a miRNA Sponge for miR-138 and miR-145 {#sec2.2}
---------------------------------------------------------

Previous studies demonstrated that linc-ROR functioned as a natural sponge for miR-145 to mediate carcinogenesis.[@bib20] Therefore, we suppose that some miRNAs might directly bind this lncRNA to mediate osteogenic differentiation. To find the miRNAs that target linc-ROR, two *in silico* bioinformatic programs were used to predict the candidates. We identified 43 target genes by miRanda (<http://www.microrna.org>) and 48 targets by miRCode (<http://www.mircode.org>), 32 of which were common by both programs ([Figure 2](#fig2){ref-type="fig"}A). To further identify the predicted candidates, another bioinformatics program TargetScan (<http://www.targetscan.org>) was applied. Among them, two miRNAs, miR-138 and miR-145, were considered as the most promising candidates based on their lowest binding free energy ([Figure 2](#fig2){ref-type="fig"}B). To validate this prediction, we next generated a luciferase reporter harboring linc-ROR full-length sequence and applied for luciferase reporter assay. It was shown that miR-138 and miR-145 significantly repressed the luciferase activity of the generated luciferase reporter ([Figure 2](#fig2){ref-type="fig"}C). Furthermore, miR-138 and miR-145 could also suppress the linc-ROR expression ([Figure 2](#fig2){ref-type="fig"}D). Collectively, all these results revealed that miR-138 and miR-145 directly targeted linc-ROR sequence and led to its mRNA degradation.Figure 2Linc-ROR Directly Targeted miR-138 and miR-145(A) Venn diagram illustrating the overlap between 43 miRNA targets of linc-ROR interaction predicted by miRanda (dark gray) and 48 miRNA targets predicted by miRcode. Thirty-two common targets were further applied to TargetScan analysis. (B) Schematic diagrams of the mutual interplays between miRNA and linc-ROR. miRNA binding position and calculated ΔG values are shown on the top (kcal/mol). (C) miR-138 or miR-145 mimics were co-transfected with pmirGLO-ROR luciferase reporter into HEK293 cells, and the luciferase activities were measured. (D) Linc-ROR expression level was examined by qRT-PCR assays in human BM-MSCs transfected with miR-138 or miR-145 mimics. n = 3. \*p \< 0.05; \*\*\*p \< 0.001.

miR-138 and miR-145 Were Negative Regulators of Osteoblast Differentiation {#sec2.3}
--------------------------------------------------------------------------

To further elucidate the biological function of miR-138 and miR-145 in MSCs, we examined the effects of miR-138 and miR-145 on osteogenesis by transfecting miRNA mimics into human BM-MSCs. As shown in [Figure 3](#fig3){ref-type="fig"}A, the two miRNAs could suppress the ALP activity at day 3 when compared with the negative control (NC) group. Further alizarin red S staining confirmed that the two miRNAs significantly repressed calcium nodule formation after 14-day osteoblast differentiation ([Figure 3](#fig3){ref-type="fig"}B). Thereafter, a variety of osteogenesis-related marker genes such as ALP, OCN, BMP2, and Osx were suppressed by miR-138 and miR-145, whereas linc-ROR overexpression slightly recovered the repression induced by the two miRNAs ([Figures 3](#fig3){ref-type="fig"}C and 3D). All of these data suggest that the two miRNAs act as negative regulators of osteoblast differentiation.Figure 3miR-138 and miR-145 Suppressed Osteoblast Differentiation(A and B) The human BM-MSCs were transfected with miR-138 or miR-145 mimics, and ALP activity was visualized by NBT/BCIP precipitation at day 3 (A). The calcified nodules were visualized by alizarin red S staining at day 14 (B). (C and D) The expression of osteogenesis marker genes was suppressed by miR-138, whereas pLinc-ROR partially rescued the suppressive effect in MSCs (C). miR-145 also suppressed the osteogenic marker genes expression, whereas pLinc-ROR partially reverse the suppressive effects (D). n = 3. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

miR-138 and miR-145 Suppressed the Wnt/β-Catenin Signaling by Targeting ZEB2 {#sec2.4}
----------------------------------------------------------------------------

miRNAs function as regulators in multiple biological activities through suppressing the target genes expression. In terms of the suppressive effect of miR-138 and miR-145 on osteogenesis, we tried to identify the candidate protein-coding genes targeted by the two miRNAs. Among the candidates predicted by the bioinformatics analysis, ZEB2 was found to be of great interest. To confirm whether the two miRNAs could bind to the 3′ UTR region of ZEB2, we inserted the binding sites into the pmiR-GLO vector to generate a luciferase reporter. The two miRNAs together with the generated luciferase reporter were co-transfected into HEK293 cells, and it was shown that miR-138 and miR-145 dramatically suppressed the luciferase activity of the generated luciferase reporter ([Figure 4](#fig4){ref-type="fig"}A). By transfecting BM-MSCs with miRNA mimics, the results showed that miR-138 and miR-145 significantly induced the downregulation of ZEB2 at both mRNA and protein levels, whereas linc-ROR reversed their suppressive effects ([Figures 4](#fig4){ref-type="fig"}B--4E).Figure 4miR-138 and miR-145 Suppressed the Wnt/β-Catenin Signaling by Targeting ZEB2(A) miR-138 or miR-145 mimics were co-transfected with the luciferase reporter harboring 3′ UTR of ZEB2 mRNA into HEK293 cells, and the luciferase activities were measured. (B--E) ZEB2 expression was suppressed by miR-138, whereas it was slightly rescued by the pLinc-ROR vector at mRNA (B) and protein (D) levels. Expression of ZEB2 was also repressed by miR-145, and the suppressive expression was partially reversed by miR-145 pLinc-ROR at mRNA (C) and protein (E) levels. (F) miR-138 or miR-145 were co-transfected with TOPFlash luciferase reporter into HEK293 cells, and the luciferase activities were measured. (G--J) Beta-catenin mRNA (G) and protein (I) expression levels were suppressed by miR-138, and the suppressive effect was partially reversed by pLinc-ROR. Moreover, Beta-catenin mRNA (H) and protein (J) expression levels were also reduced by miR-145, and the suppressive expression was rescued in part by pLinc-ROR. n = 3. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

As well known, Wnt/β-catenin signaling has been reported to play a crucial role in osteoblasts, and ZEB2 regulated the expression of β-catenin.[@bib21] miR-145 could inhibit hepatic stellate cell activation and proliferation through regulating ZEB2 and Wnt/β-catenin pathway.[@bib22] Therefore, we sought to determine the regulation of the two miRNAs on Wnt/β-catenin signaling. The luciferase activity of Wnt signaling reporter TOPFlash, which contains binding sites for β-catenin, was examined and the impaired luciferase activity was observed in miR-138 and miR-145 transfection groups ([Figure 4](#fig4){ref-type="fig"}F). Moreover, we also found that the expression of β-catenin was suppressed by the two miRNAs at mRNA and protein levels, whereas linc-ROR overexpression rescued these suppressive effects ([Figures 4](#fig4){ref-type="fig"}G--4J). All of these data indicated that miR-138 and miR-145 induced the inactivation of Wnt/β-catenin signaling via directly targeting ZEB2.

Linc-ROR Activated the Wnt/β-Catenin Signaling by Promoting ZEB2 Expression {#sec2.5}
---------------------------------------------------------------------------

Considering that linc-ROR acted as a ceRNA for miR-138 and miR-145, which could inhibit the Wnt/β-catenin signaling through suppressing ZEB2 expression, these findings promoted us to investigate whether linc-ROR could regulate β-catenin expression in this manner. The linc-ROR overexpression vector was co-transfected with the ZEB 3′ UTR luciferase reporters harboring miRNA binding sites, and the results showed that linc-ROR significantly promoted the luciferase activity ([Figure 5](#fig5){ref-type="fig"}A). Moreover, the expression of ZEB2 was upregulated by linc-ROR at both mRNA and protein levels ([Figures 5](#fig5){ref-type="fig"}B and 5C). We also found that linc-ROR activated the luciferase activity of TOPFlash, which implies that linc-ROR could activate the Wnt/β-catenin signaling pathway ([Figure 5](#fig5){ref-type="fig"}D). Moreover, the expression of β-catenin was promoted by linc-ROR at mRNA and protein levels ([Figures 5](#fig5){ref-type="fig"}E and 5F). Furthermore, several downstream target genes such as c-Myc, CD44, Oct4, as well as cyclin D1 were upregulated by ectopic expression of linc-ROR ([Figure 5](#fig5){ref-type="fig"}G), indicating that linc-ROR plays a significant role in mediating the activation of the Wnt/β-catenin pathway.Figure 5Linc-ROR Activated the Wnt/β-Catenin Signaling(A) pLinc-ROR vector was co-transfected with ZEB2 3′ UTR luciferase reporter into HEK293 cells, and the luciferase activities were measured. (B and C) ZEB2 mRNA (B) and protein (C) expression levels were evaluated with linc-ROR overexpression. (D) pLinc-ROR vector was co-transfected with TOPFlash luciferase reporter into HEK293 cells, and the luciferase activities were measured. (E and F) Beta-catenin mRNA (E) and protein (F) expression levels were also upregulated by pLinc-ROR vector. (G) Several downstream target genes of Wnt/β-catenin signaling were examined in linc-ROR-overexpressing BM-MSCs by qRT-PCR assays. n = 3. \*p \< 0.05; \*\*p \< 0.01.

Discussion {#sec3}
==========

As a regulator of reprogramming, linc-ROR was first reported to mediate the self-renewal ability of stem cells and regulate the downstream stem-related genes Oct4, Sox2, and Nanog by decoying miR-145.[@bib14] Increasing evidence revealed linc-ROR played an oncogenic role in multiple cancers.[@bib18] It could activate EMT and contribute to tumorigenesis and metastasis in endometrial cancer, lung adenocarcinoma, pancreatic cancer, and breast cancer.[@bib16], [@bib23], [@bib24], [@bib25] On the other hand, linc-ROR could enhance chemoresistance in pancreatic and breast cancers,[@bib13], [@bib26] and promote radioresistance in colorectal carcinoma (CRC) cells as well.[@bib27] In addition, linc-ROR also promoted the stem cell-like features of pancreatic cancer cells and tumorigenicity potential *in vitro* and *in vivo*.[@bib28] More importantly, linc-ROR has been served as a biomarker for diagnosis and prognosis of breast cancer and oral cancer.[@bib29], [@bib30] Collectively, the functions of linc-ROR in carcinogenesis have been studied well. However, the function and precise mechanism by which linc-ROR mediated the osteogenic differentiation were not fully understood.

In the present study, we reported that linc-ROR promoted osteogenic differentiation of human BM-MSCs. It seems controversial with the initially reported self-renewal maintenance ability. We suppose this phenomenon may be caused by spatial and temporal regulation of gene expression during the tissue and organ development. Several lncRNAs have also been reported to play mutual function as linc-ROR did, i.e., lncRNA MALAT1 and H19. Malat1 could maintain the undifferentiated status of early-stage hematopoietic cells,[@bib31] and it was also demonstrated to regulate myogenesis differentiation through increasing MyoD transcriptional activity.[@bib32] As for H19, many studies showed that it mediated osteogenesis, myogenesis, tenogenesis, and chondrogenesis of MSCs.[@bib12], [@bib33], [@bib34] However, H19 was also found to keep the stem characteristics and maintain the self-renewal ability of ESCs.[@bib35] These studies provide strong evidence for the mutual regulation mode in which lncRNAs play different roles during various developmental stages.

Serving as natural miRNA sponge or RNA decoy, lncRNAs may modulate their target miRNAs, and thus regulate their downstream gene expression. In this study, linc-ROR was found to interact with miR-138 and miR-145 as a miRNA sponge and participated in miRNA-involved osteogenesis. Previous studies have demonstrated that miRNAs orchestrate bone homeostasis and skeletal development.[@bib36] What is more, it is widely accepted that miRNAs have emerged as a fundamental modulator of osteogenesis-related signaling pathways. As previously reported, miR-138 suppressed osteoblast differentiation of human MSCs, as well as *in vivo* bone formation by inhibiting the focal adhesion kinase (FAK) signaling pathway.[@bib37] miR-145 was also found to negatively regulate osteoblast differentiation by targeting osterix, a key regulator of osteoblast differentiation.[@bib38] In our study, linc-ROR competitively targeted miR-138 and miR-145, and interfered with them binding to 3′ UTR of ZEB2, and hence elevated ZEB2 expression.

ZEB2 is a member of the Zfh1 family of two-handed zinc-finger/homeodomain proteins that acts as a key regulator in the EMT process in tumorigenesis and activates cell proliferation, migration, and invasion. ZEB2 could also activate the expression of β-catenin.[@bib21] Therefore, linc-ROR may promote ZEB2 expression and hence induce β-catenin upregulation by decoying miR-138 and miR-145. On the other hand, ZEB2 could increase the cytosolic β-catenin expression by regulating E-cadherin/Wnt signaling. In general, cytosolic β-catenin is tightly orchestrated by Wnt signaling for its stabilization and cadherin pathway for β-catenin plasma sequestering,[@bib39] whereas E-cadherin is the central component for structural integrity and functional maintenance of cadherin-catenin complex. Decreased E-cadherin may release more cell-surface-sequestrated β-catenin into cytosol and stimulate β-catenin nuclear translocation and transcription activity. As an E-cadherin regulator, ZEB2 could bind to the promoter region of E-cadherin and decrease its mRNA expression. Reduced expression of ZEB2 could induce more membrane-associated β-catenin dissociation into cytoplasm and more β-catenin nuclear translocation and activated Wnt/β-catenin signaling. Our results also demonstrated that linc-ROR could enhance ZEB2 expression and consequently activate the Wnt/β-catenin signaling pathway. Specifically, miR-145 was also reported to de-activate the Wnt/β-catenin pathway and suppress the activation and proliferation of hepatic stellate cells through suppressing ZEB2 expression,[@bib22] which further strengthens our finding that linc-ROR could activate ZEB2 expression and induce Wnt/β-catenin signaling pathway-regulated osteogenesis.

Linc-ROR was demonstrated to be involved in bone regeneration through regulating the Wnt/β-catenin signaling pathway. Based on previous *in vitro* and *in vivo* studies, this signaling was critical for bone and tooth formation and development. Additionally, β-catenin also plays significant roles in mechanosensation and transduction.[@bib38], [@bib40] Besides for sensing mechanical loading, it is also essential for cell viability, protection against apoptotic factors, communication, and bone formation in osteocytes. Therefore, the Wnt/β-catenin pathway may be considered as a promising target for developing therapeutic strategies. Several lncRNAs have been demonstrated to regulate bone homeostasis through regulating the Wnt/β-catenin pathway. lncRNA H19 was found to activate the Wnt/β-catenin pathway and stimulate osteoblast differentiation of human BM-MSCs by decoying miR-141 and miR-22.[@bib12] Another ANCR was reported to regulate periodontal ligament stem cell proliferation and osteogenic differentiation via the canonical Wnt signaling.[@bib41] Furthermore, lncRNA ZBED3-AS1 could activate Wnt/β-catenin signaling and stimulate chondrogenesis in human synovial-fluid-derived MSCs.[@bib42] What is more, certain lncRNAs could be regulated by Wnt/β-catenin signaling during osteogenesis differentiation. A putative osteo-suppressing lncRNA HOTAIR was downregulated by Wnt/β-catenin signaling, which led to the upregulation of downstream osteogenic markers ALP and BMP2.[@bib43] These findings indicated that lncRNA and Wnt could be cross-talking with each other during osteogenic regulation. In the current study, ZEB2, a suppressor of E-cadherin, was promoted and Wnt/β-catenin signaling was activated by linc-ROR, which disclosed a complicated interplay between linc-ROR, E-cadherin, and Wnt/β-catenin signaling. Based on previous reports and our results, a schematic mechanism of linc-ROR in osteogenesis ([Figure S3](#mmc1){ref-type="supplementary-material"}) was suggested: linc-ROR could induce Wnt/β-catenin signaling pathway and promote osteogenic differentiation through linc-ROR/miRNA/ZEB2/E-cadherin regulation axis. Another alternative mechanism for linc-ROR regulating Wnt/β-catenin signaling pathway may be the linc-ROR/E-cadherin/Lrp5/β-catenin pathway. A previous study demonstrated that suppressive E-cadherin expression may stimulate Lrp5 and Lrp6 release from cell surface into cell cytosol and result in the stabilized cytoplastic β-catenin level, as well as the enhanced osteogenic differentiation.[@bib44] However, this hypothesis requires more experimental evidence to confirm.

Taken together, we have characterized the novel role of linc-ROR in regulating osteogenic differentiation of human BM-MSCs. Linc-ROR functions as an important regulator of osteogenesis via acting as a miRNA sponge for miR-138 and miR-145, and activating Wnt/β-catenin signaling. Further studies are required to confirm its clinical significance with developing linc-ROR as a potential therapeutic target for bone diseases.

Materials and Methods {#sec4}
=====================

Cell Culture and Osteo-Induction {#sec4.1}
--------------------------------

The HEK293 cells were purchased from ATCC and cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin/neomycin (PSN). The human BM-MSCs were isolated from bone marrow, which aspirated from healthy donors, and then cultured and characterized using flow cytometry for MSC phenotypic markers like CD3-PE, CD16-FITC, CD19-FITC, CD33-FITC, CD34-PE, CD38-FITC, CD45-FITC, and CD133-PE. Isolated human BM-MSCs were cultured in Minimum Essential Medium Alpha (MEMα) plus 10% heat-inactivated FBS and 1% PSN. To initiate osteogenic differentiation of human MSCs, they were seeded into a 12-well plate at a density of 2 × 10^5^ cells per well; then the osteo-differentiation was induced by addition of 10 nM dexamethasone (Sigma-Aldrich, USA), 50 μg/mL ascorbic acid 2-phosphate (Sigma-Aldrich, USA), and 10 mM glycerol 2-phosphate (Sigma-Aldrich, USA) into the culture medium. The differentiation medium was changed every 3 days.

Plasmid Generation and Cell Transfection {#sec4.2}
----------------------------------------

Total length of linc-ROR was amplified by PCR from human MSCs cDNA and subcloned into pBabe vector for transient or stable expression of linc-ROR in human BM-MSCs. Human ZEB2 3′ UTR sequence as well as total length of linc-ROR obtained before were subcloned into the pmiR-GLO vector. All of the cDNA sequences were obtained by database searching (lncRNAdb: <http://www.lncrnadb.org>; NCBI: <https://www.ncbi.nlm.nih.gov>). The primer for vector construction was included in [Table S1](#mmc1){ref-type="supplementary-material"}. The linc-ROR knockdown plasmid was kindly provided by Prof. Houqi Liu, Second Military Medical University, Shanghai, China. TOPFlash plasmid was purchased from Upstate Cell Signaling (Billerica, MA, USA). All of the miRNA mimics and antisense inhibitors were purchased from GenePharma Company (Shanghai, China). miRNA mimics and inhibitors as well as DNA plasmids were transfected using transfection reagent Lipofectamine 3000 (Invitrogen, USA) following the manufacturer's instructions.

Establishment of Stable Cell Lines {#sec4.3}
----------------------------------

Linc-ROR stable expressing human BM-MSC cells were generated using retrovirus-mediated gene delivery method as previously described. To produce retrovirus for infection, pBabe-linc-ROR vector or corresponding control pBabe vector were co-transfected with an equal amount of viral packaging vector pCL-Ampho into HEK293 cells by using the polyethylenimine (PEI) transfection reagent (Invitrogen, USA),[@bib45] Lentivirus gene delivery system was employed for sh-linc-ROR vector transfection. In brief, pLUNIG-sh-linc-ROR vector or pLUNIG-sh-NC negative control vector was co-transfected with three packaging vectors (pMDLg/pRRE, pRSV-REV, and pCMV-VSVG) as described previously.[@bib46] After transfection, the supernatant media containing retrovirus particles were collected and subsequently filtered by 0.45-μm pore-size nitrocellulose membranes (Millipore, USA). The human BM-MSCs were infected with the retroviral particles by the addition of hexadimethrine bromide (Sigma-Aldrich, USA). Retrovirus or lentivirus-infected human BM-MSCs were selected by puromycin at the concentration of 0.2 μg/mL or G418 (Sigma-Aldrich, USA) at 500 μg/ml, respectively. After antibiotics selection for around 7 days, remaining cultured cells were collected, and overexpression or knockdown of linc-ROR was confirmed by qRT-PCR examination.

RNA Extraction and Real-Time PCR {#sec4.4}
--------------------------------

Total RNA of cultured cells was harvested with RNAiso Plus reagent (TaKaRa, Japan) following the manufacturer's instructions. After RNA extraction, cDNAs were reverse transcribed from RNA samples by PrimeScript RT Master Mix (TaKaRa, Japan). The Power SYBR Green PCR Master Mix (Thermo Fisher, USA) was applied for the qRT-PCR of target mRNA detection using ABI 7300 Fast Real-Time PCR Systems (Applied Biosystem, USA). The relative fold changes of candidate genes were analyzed by using the 2^−ΔΔCt^ method. The primers for real-time PCR were included in [Table S1](#mmc1){ref-type="supplementary-material"}.

Western Blot Analysis {#sec4.5}
---------------------

Total protein of harvested cells was lysed using radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-Cl \[pH 8.0\], 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40 \[NP-40\]) supplemented with complete mini protease inhibitor cocktail (Roche, USA), and the soluble protein was collected by centrifugation at 14,000 rpm for 10 min at 4°C. Soluble protein fractures were then mixed with 5× sample loading buffer (Roche, USA) and boiled for 5 min. To perform western blot analysis, we subjected the protein samples to SDS-PAGE gel and electrophoresed at 120 V for 2 hr. After that, the protein from SDS-PAGE gel was electroblotted onto a polyvinylidene fluoride (PVDF) membrane at 100 V for 1 hr at 4°C. The membranes were then blocked with 5% non-fat milk and probed with the following antibodies: β-catenin (1:3,000; Cell Signaling Technology, USA), ZEB2 (1: 1,000, Sigma, USA), and β-actin (1:4,000; Sigma, USA). The results were visualized on the X-Ray film by Kodak film developer (Fujifilm, Japan).

Luciferase Assay {#sec4.6}
----------------

Dual-luciferase assay was performed to evaluate the luciferase activity of the reporter constructs according to the instructions of dual-luciferase assay reagents (Promega, USA) with some modifications. In brief, HEK293 cells were seeded on a 24-well plate, and the cells were allowed to grow until 80% confluency. Cells were then transfected with TOPFlash or pmiR-GLO luciferase reporter plasmids together with linc-ROR expression vectors or miRNA mimics. The pRSV-β-galactoside (ONPG) vector was co-transfected into HEK293 cells as an internal control for normalization. The plate was placed into a PerkinElmer VictorTM X2 2030 multilabel reader (Waltham, USA) to measure the firefly luciferase activity, as well as the β-galactosidase activity. The ratio of firefly luciferase to β-galactosidase activity in each sample was revealed as a measurement of the normalized luciferase activity. All experiments were performed in triplicate.

ALP Activity and Alizarin Red Staining {#sec4.7}
--------------------------------------

Human BM-MSCs were seeded in 24-well plates at a density of 2 × 10^5^ cells per well, and osteoblast differentiation was induced when cells reach 100% confluence. The alizarin red S staining was performed at day 14 with osteo-induction. In brief, the human BM-MSCs were washed with PBS and fixed with 70% ethanol for 30 min. Human BM-MSCs were then stained with 2% alizarin red S staining solution for 10 min. The stained calcified nodules were scanned using Epson launches Perfection V850 (Seiko Epson, Japan). The ALP activity assay was performed at day 3, the cells were harvested by cell scratch, and ALP activity was measured and analyzed by ALP staining following the published protocol[@bib46] or using ALP diagnosis kit (Sigma, USA) following the manufacturer's instructions. The ALP activity was normalized to total cell proteins.

Statistical Analysis {#sec4.8}
--------------------

Experimental data are expressed as mean ± SD. Two groups of data were statistically analyzed using two-tailed Student's t test. The results were considered to be statistically significant when p \< 0.05.
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